The chorioallantoic membrane of the chick embryo offers distinct advantages over other tissues for the study of multienzyme systems. Since it is composed of only three layers of cells, limiting factors of diffusion hardly interfere with measurements of the metabolism of intact cells in vitro. For these reasons we have undertaken the study of complex biochemical processes with the aid of excised chorioallantoic membranes. The influence of virus multiplication on the metabolism of the host tissue was one of the problems under investigation.
9 Jardetzky, O., Science, 125, 931 (1957) . 10 Jardetzky, O., Bull. Math. Biophys., 22, 103 (1960) . 11 DeGroot, S. R., Thermodynamics of Irreversible Processes (New York: Interscience, 1952). 12 Prigogine, I., Introduction to Thermodynamics of Irreversible Processes (Springfield, Ill.: C C Thomas, 1955).
13 Curie, P., Oeuvres (Paris: Gauthier-Villars, 1908), p. 127.
14 For systems continuous in space it should be taken as the change of the chemical potential gradient of i. Conmmnnicated by E. E. Snell, and read before the Academy, April 27, 1960 The chorioallantoic membrane of the chick embryo offers distinct advantages over other tissues for the study of multienzyme systems. Since it is composed of only three layers of cells, limiting factors of diffusion hardly interfere with measurements of the metabolism of intact cells in vitro. For these reasons we have undertaken the study of complex biochemical processes with the aid of excised chorioallantoic membranes. The influence of virus multiplication on the metabolism of the host tissue was one of the problems under investigation.
ENZYMIC MECHANISM OF INCREASED UTILIZATION OF GLUCOSE DURING VIRUS MULTIPLICATION IN THE CHORIOALLANTOIC MEMBRANE OF THE CHICK EMBRYO*
Earlier metabolic studies on the excised membrane revealed that during multiplication of myxoma,l fibroma, herpes simplex, vaccinia, Rous sarcoma, swine influenza, and Newcastle viruses,2 the rate of lactic acid formation from glucose was markedly elevated. It was also shown that this increase in the accumulation of lactate was not due to inefficient transfer of electrons to02, an effect which might be assumed to occur as a consequence of "pathological changes caused by viruses," but was the result of an increased amount of glycolytic enzymes in cells where the multiplication of viruses took place. Aldolase and the glycolytic enzymes, catalyzing the formation of 3-phosphoglycerate from fructose 1-6-diphosphate were earlier identified' 2 and the increase of their concentration in infected membranes determined. It was found, furthermore, that the chorioallantoic membrane contains glucose-6-phosphate dehydrogenase.3 This was believed to indicate that the dual VOL. 46, 1960 BIOCHEAMISTRY: KUN, AYLING, AND SIEGEL 623 pathway of glucose metabolism (i.e., the "glycolytic" and "pentose cycle") may operate in this tissue. Analysis for both glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase revealed that the concentration of these enzymes were identical in normal and infected membranes. These observations resulted in the further study of the biochemical significance of increased glycolysis. An increase in the rate of the conversion of glucose to pyruvate would yield a net increase in the rate of ATP formation, which could presumably be made available for biosynthetic processes. It is expected that during virus multiplication there would be an increased rate of nucleic acid synthesis. Since the pentose constituents of nucleic acids arise from the direct oxidative pathway of hexose monophosphates, this pathway should operate at a higher rate when a "physiological demand" for pentose exists. Because no increase in the hexose-phosphate dehydrogenase content of infected membranes occurred, it was assumed that some other mechanism must be responsible for the activation of the oxidation of hexose monophosphates. It is subsequently shown that this mechanism is an increased rate of the oxidation of TPNH, mainly by pyruvate, catalyzed by lactate dehydrogenase. This enzyme is also synthesized at a higher rate in cells where the multiplication of viruses occurs.
Experimental.-Techniques used in the present studies were similar to the ones 12 days old, were infected with a suspension of a variant avian strain of canary pox virus. This virus was purified and identified by Siegel4 and stored as a standard pool in ampules at -50'C throughout the experiments. The amount of virus used for each inoculum was 104 infectious particles per egg, as standardized by the method of pock counts.4 It was shown earlier that inoculation with heatinactivated viruses or extracts of chorioallantoic membranes free of viruses, had no effect on the metabolism of this tissue.2 In most experiments biochemical measurements were made 48 hr after infection. The infected and control eggs were kept in an egg incubator at 360C. The infected areas of the membranes were excised, cut into pieces of about '/2 cm2 and suspended in a liquid medium, kept previously at 00C, washed by transfer to fresh medium, and either used directly for manometric measurements or subjected to homogenization (in an all-glass homogenizer) and centrifugal cell fractionation7 in 0.25 M sucrose, containing 9 mg cysteine hydrochloride per 10 ml sucrose (pH was adjusted to 7.4 with NaOH). The suspending medium in earlier studies was a buffered salt solution'-3 but in the majority of recent experiments the centrifuged allantoic fluid or a salt solution' containing 400 mg bovine serum albumin per 100 ml was employed. Manometric measurements were performed in conventional Warburg vessels at 30'C. Lactic acid was determined according to Barker and Summerson, 5 glucose by the method of Nelson, 6 and N by a modified Nessler procedure.' Glucose-1-C14 was a gift of Drs. E. Z. Hassid and E. F. Neufeld (Department of Biochemistry, Berkeley). The sample was purified by paper chromatography by Dr. Neufeld, and had a specific activity of 7.5 microcuries/mg. Analyses for C14 were done directly on filter paper strips (containing K2C1403) in a two-channel scintillation well counter by Dr. Chin-Tzu Peng in the Radioactivity Research Center of the School of Medicine. Crystalline heart muscle lactic dehydrogenase8 was a gift from Dr. J. B. Neilands (Department of Biochemistry, Berkeley). All reagents were recrystallized from reagent grade sources; coenzymes were chromatographically purified samples, obtained from Sigma Chemical Co.
Results.-Manometric experiments on intact membranes: Recent experiments differed from earlier ones' 2 in 2 respects: (a) the suspending medium contained protein, and (b) the aerobic manometric measurements were done in 95%02 + 5% CO2. Under these conditions pressure changes in the system are the result of both O2 uptake and CO2 evolution. Anaerobic production of CO2 was determined under the same conditions with 95% N2 + 5% CO2. It was found that under aerobic conditions the normal membrane, suspended in allantoid fluid con- Table 2 . There is aerobic lactic acid production by the normal membranes suggesting that prolonged incubation in the albumin containing salt solution interferes with the efficient aerobic utilization of pyruvate. The pathway of glucose utilization was further studied with the aid of C'4 labeled glucose in the 1 position. The conditions were the same as described for the experiment summarized in Figure 1 , except that each flask contained 2 microcuries of glucose-i-C'4 as a tracer. The gas phase was either 100% 0, or 100% N2. The reaction was stopped by tipping into the main compartment 0. In Fig. 2a the CO2 production is illustrated as a fusnction of time, while in Fig. 2b The effects observed with intact membranes were reproduced in cell-free systems. It was found that the centrifugal supernatant of sucrose homogenates (24.000 X g for 30 min) contained the whole enzyme system necessary for the demonstration of the virus-induced increase in CO2 and lactate production. Some component of the system was found to be sensitive to oxidation by atmospheric 02 as manifested in a progressive diminution of the virus effect upon standing. This instability was counteracted by the use of cysteine in the homogenizing medium. The cell-free system contained 30 jtmoles of glucose-6-phosphate (K-salt), 2.5 j~moles of TPN+, 10 jmoles of MgSO4, 20 Mmoles of Na-pyruvate and 80 Mmoles of nicotinamide, 30 ,umoles of P04, 30 Mmoles of HCO3, and 9 mg protein (supernatant of a homogenate, prepared in 0.25 M sucrose, containing cysteine). The volume of the reaction mixture was made up to 3.1 ml with sucrose-cysteine solution, and the reaction measured for 30 min under 95% N2 + 5% CO2. Since under these conditions it is expected that both the direct oxidation of glucose-6-phosphate and, due to endogenous adenine nucleotides and traces of DPN+, its fermentation to lactate take place simultaneously, the effect of added DPN + was also studied. It was found that addition of DPN+ (2.5 i.moles) markedly diminished lactate accumulation but not CO2 production in the preparations obtained either from normal or infected membranes. This inhibitory effect of DPN + on lactate accumulation argues against the assumption that the formation of lactate is solely due to the reaction pyruvate + DPNH + + H + --lactate + DPN +. Attempts to eliminate the interference of endogenous nucleotides by adsorption techniques were only partially successful and the susceptibility of the system to oxidation during these procedures led us to abandon this effort. The effects of added DPN+, and of virus infection on the rate of CO2 and lactate formation are shown in Figure 2a , b. The "protection" by cysteine indicated that a thiol system is involved in this multienzyme system. The effect of iodoacetate was therefore determined. As shown in Table 3 , a concentration of iodoacetate which completely inhibits triose phosphate dehydrogenase only partially blocks these reactions, again suggesting that an additional mechanism besides glycolysis is in part responsible for the accumulation of lactate.
Analyses of the condition of these reactions revealed that the mechanism of "nonglycolytic" lactate formation is TPNH + H + + pyruvate -* lactate + TPN+.
The enzyme responsible for this reaction was found to be a lactate dehydrogenase (LHD) of the chorioallantoic membrane. The following observations support this conclusion: A substrate mediated transhydrogenation of the type suggested by Holzer"1 is quite improbable because of the inhibition of the TPNH-pyruvate reaction by DPN+. It should also be noted that Holzer used 0.4 mg of crystalline LDH and 0.48 mg glucose-6-phosphate dehydrogenase (as TPNH generator) to produce an estimated absorbancy change at 366 mjA (presumably due to TPNH) of 0.120 in 22 to 58 min. These conditions do not seem to support strongly the suggestion that LDH can catalyze a substrate mediated transhydrogenation to a significant extent. It is of interest that neither the DPNH-pyruvate nor TPNH-pyruvate reactions catalyzed by heart muscle LDH are inhibited by iodoacetate in concentrations employed here. A detailed kinetic study of these differences will be dealt with elsewhere.
The increase in LDH content of chorioallantoic membranes, supporting the multiplication of avian pox virus, is shown in Table 4 . The effect of iodoacetate on the oxidation of DPNH and TPNH by pyruvate and LDH of the chorioallantoic membrane and of heart muscle are summarized in Table 5 .
It was of interest to determine whether or not the amount of other pyridine nucleotide dehydrogenases is changed when the membrane supports virus multiplication. The following enzymes were tested in the supernatant fraction: malic enzyme, malic dehydrogenase, glutamic dehydrogenase, and glutathione reductase. Results are shown in Table 6 . A marked increase in malic dehydrogenase and GSSG reductase occurred 48 hr after virus infection. The glutamic dehydrogenase content of this tissue is low and the significance of the increase of this enzyme is questionable. On the other hand, the oxidation of TPNH by either GSSG or oxalacetate may be of importance. Since there is at present no experimental evidence indicating an increased rate of oxalacetate formation after virus infection VOL. 46, 1960 BIOCHEMWI STRY: KUN, AYLING, AND SIEGEL 629 while the observed increase in glycolysis yields a higher rate of pyruvate production, it seems likely that the oxidation of T1PNH by pyruvate has priority in the mechanism of increased glucose utilization. The role of GSSG reductase is probably a significant one, but at this time difficult to explain. Discussion.-According to earlier experiments" 2 and the ones reported here, the chorioallantoic membrane responds to virus infection with a marked increase in glycolytic enzymes. Similar observations were made recently with poliomyelitis virus on tissue cultures of epithelium cells.14 It is probable that the primary event in virus infection, in a metabolic sense, is a specific influence of a virus component on the enzyme-synthesizing system, which responds by a hithertounknown mechanism with an activation of synthesis of certain enzyme proteins. As shown here, the increase of the concentration of certain enzyme proteins can profoundly modify the metabolic pattern of the "infected" cell. It seems reasonable to think that this modification of metabolism will eventually result in the resynthesis of the constituents of the virus itself. We have so far only studied certain phases of carbohydrate metabolism and the example for the hypothesis offered above is restricted to the increased formation of the pentose constituent of virus nucleic acid.
Many challenging questions arise. Calculations based on cell counts of chorio- Results are expressed as in Table 4 . The concentration of TPNH was 1 micromole per 3 ml iodoacetate concentration = 1.4 X 10-2 M. The centrifugal supernatant (chorioallantois enzyme) was tested 48 hr after inoculation with the virus. The amount of heart muscle LDH used in the optical test was 0.05 to 0.1 gamma protein.
allantoic membranes and titration of infective particles 48 hr after inoculation reveal that the number of cells containing infective viruses is only 10 to 20 per cent of the total cell population studied. An increase of 50 per cent in the average concentration of certain enzymes in the whole tissue may mean an increase of several hundred per cent in the infected cell or it may reflect an effect even in the cells which do not contribute to virus multiplication. There is no answer as yet to this question.
The virus-induced onset of aerobic lactate accumulation in this apparently "aerobic" tissue suggests, according to Warburg , that in appearance the membrane exhibits characteristics of a cancerous tissue. While a generalization is as yet not timely, this observation suggests to us a reinvestigation of certain aspects of glucose metabolism of cancer cells and a search for the type of mechanism of lactate accumulation as found in virus-infected membranes. It is obvious that the increase in concentration of certain enzymes does not have to be excessive in order to bring about profound metabolic changes. Again, the appearance of glycolytic enzymes in the serum of tumor-bearing animals, as found by Warburg'5 and confirmed by Sibley and Lehninger,16 may be an indication of their increased biosynthesis.
The change in glucose utilization by the chorioallantoic membrane is readily Tables 4 and 5 . Malic enzyme and glutamic dehydrogenase were assa ed according to standard procedures,'2 malic dehydrogenase, as described elsewhere,13 and glutathione (G55G) reductase by the oxidation of TPNH (1 pmole) in the presence of 15 moles of GSSG at pH 7.4 in 0.1 M phosphate buffer in a volume of 3 ml. dation in these tumor cells may be the same as in the virus-infected chorioallantoic membrane.
The LDH of the chorioallantoic membrane differs from enzymes of other sources in several respects. The most striking difference is the iodoacetate sensitivity of the TPNH --pyruvate reaction. None of the other reactions catalyzed by this LDH are inhibited by iodoacetate. The heart muscle enzyme8 is quite refractory to thiol reagents other than p-chloromercuribenzoate. Ox Summary.-(1) Avian pox virus-infected chorioallantoic membranes of chick embryos, suspended in allantoic fluid, produce lactic acid from glucose under aerobic conditions. Under identical conditions, non-infected membranes do not accumulate lactate.
(2) The rates of glucose consumption and-lactate and C02 production (the latter two under anaerobic conditions) is markedly increased as the result of virus infection.
(3) The rate of CO2 formation from C114-labeled glucose is increased between 50 to 120 per cent 48 hours after inoculation with virus.
(4) The same effect of virus infection was reproduced with a soluble enzyme preparation (centrifugal supernatant) and it was shown that virus infection causes an increased synthesis of glycolytic enzymes resulting in an increased rate of pyruvate formation. LDH of the membrane catalyzes the oxidation of TPNH by pyruvate. The increase in LDH after virus infection accounts for the increased operation of the hexose monophosphate shunt in intact membranes.
